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Figure 6. Experimental control of microbial swarmbot safeguard by other circuits.

Demonstration of modular safeguard performance of swarmbots with different collective survival systems. For the swarmbots containing cells carrying the

QS-CAT circuit, pulsing flow of medium containing 100 pg/ml chloramphenicol established safeguard control but not for the static condition. For the swarmbots with
the QS-BlaM circuit, the static condition of 100 pg/ml carbenicillin was sufficient for safeguard control. For all the conditions, safeguard did not occur in the absence of
antibiotic (top panels from each condition). All the images were from the swarmbots cultured at 37°C for 16 h. The scale bar is 250 um.

Discussion

These observed properties demonstrate that our microbial swarmbot
technology embraces a new design strategy in programming sophis-
ticated system functions. The microbial swarmbot implements an
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essential property of multicellular bacterial structures in nature (de
la Fuente-Nunez et al, 2013)—a combination of spatial arrangement
and dynamic environment sensing. While microencapsulation of
cells has been adopted for diverse applications (Cruise et al, 1999;
Chang, 2005), in most cases the capsules are passive carriers of the
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encapsulated cells or enzymes. That is, the function of the encapsu-
lated cells or enzymes is largely independent of the physical
confinement by the capsules, other than the fact that encapsulation
can modulate the lifetime or the release and transport rate of the
encapsulated contents. These strategies heavily depend on passive
diffusion or degradation of the encapsulation membrane for control-
ling the release of a drug or protein (Grayson et al, 2003).

In contrast, our approach involves coupling of encapsulation
with the engineered cells as an integral part to achieve the overall
system function: there is an active feedback between the circuit
function and sensing of the microenvironment. Encapsulation
creates a unique microenvironment different from the extra-capsular
environment. This difference then triggers different bacterial
population dynamics, leading to the designed safeguard control.
The properties of the capsules and the culturing environment,
including the permeability of the encapsulating material, the relative
dimensions of the swarmbot capsule with respect to the culturing
environment, and the dosing pattern of antibiotics, are all critical
to realize the overall safeguard control, as are the parameters
associated with the gene circuit carried by the engineered bacteria.

Another salient feature of our microbial swarmbot platform is its
modularity, as demonstrated by qualitatively the same safeguard
function realized by different gene circuits. Given this modularity, dif-
ferent aspects of the platform can be individually tuned, depending on
objectives of the overall system. In this study, we have used antibiotics
to enable flexible control of the extent of safeguard in different circuits
(Fig 2), to demonstrate the fundamental design concept. However, the
use of antibiotic is not in itself critical. Instead, any circuits that can
realize collective survival in one or multiple populations can be
embedded in our design framework. These include other engineered
bacteria (Smith et al, 2014) or yeast cells (Dai et al, 2012) that only
survive at sufficiently high initial cell densities or microbial popula-
tions exhibiting mutualistic interactions (Shou et al, 2007; Kerner et al,
2012). In these systems, the use of exogenous antibiotics is not a
critical component of the engineered circuit dynamics. As such, our
system can serve as a foundation for programming more complex
dynamics resulting from “smart” hybrid biological-material systems.

In addition to the use of different circuits, diverse polymeric mate-
rials can be adopted to tune parameters critical for the overall system
function, including permeability (Chan & Neufeld, 2010), mechanical
properties (Kamata et al, 2014), and environmental responsiveness
(Xia et al, 2013). The modular nature of our design can accommodate
further optimization and extension by equipping the bacteria with
effector genes of interest. These include effectors to target tumor cells
(Anderson et al, 2006; Zhang et al, 2010), to kill bacterial pathogens
(Saeidi et al, 2011; Gupta et al, 2013; Hwang et al, 2014), or to
degrade environmental pollutants (Furukawa, 2000). For such appli-
cations, the programmed safeguard provides an intrinsic mechanism
to prevent unintended proliferation of such engineered bacteria, a
major safety concern that limits their broad applications.

Materials and Methods

Bacterial strains, growth media, and culturing conditions

Escherichia coli strains MC4100, TOP10, and MG1655 were used
for carrying BlaM (Tanouchi et al, 2012), QS-CAT, and QS-BlaM
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(Pai et al, 2012) circuits, respectively. All these strains were
engineered with a GFP reporter. E. coli MC4100 lacking a collective
survival circuit but with the GFP reporter was considered the
control strain for the microbial swarmbot (Appendix Fig S2).
Unless otherwise indicated, experiments were conducted in modi-
fied M9 medium [1x M9 salts (48 mM Na,HPO,, 22 mM KH,PO,,
862 mM NaCl, 19 mM NH,Cl), 0.4% glucose, 0.2% casamino acids
(Teknova), 0.5% thiamine (Sigma), 2 mM MgS0O,, 0.1 mM CaCl,].
For overnight cultures, we inoculated single colonies from an agar
plate into 4 ml Luria-Bertani (LB) medium (Genesee Scientific).
Culture medium contained corresponding antibiotics (50 pg/ml
chloramphenicol, 100 pg/ml Cb, and/or 100 pg/ml kanamycin)
for plasmid maintenance. 0.5 mM IPTG, 0.1% arabinose, and
100 ng/ml aTc were used for induction of gene expressions in
QS-BlaM circuit.

Evaluation of collective survival for engineered bacteria

Engineered bacteria with BlaM, QS-CAT, and QS-BlaM circuits were
inoculated in 4 ml LB containing appropriate antibiotics and
cultured at 37°C with a shaking speed at 250 rpm for overnight. We
calibrated initial densities of overnight cultures (OD600 of 0.5) by
using a Victor 3 plate reader (Perkin Elmer). Then, we diluted the
calibrated cultures into M9 medium (10 x 2° to 10 x 222-fold),
which was supplemented with varying concentrations of antibiotics
(0, 30, and 100 pg/ml). About 200 pl cultures were aliquoted into
96-well plates, which were then sealed with two membranes, Aera-
Seal (Excel Scientific) and Breathe-Easy membrane (Diversified
Biotech), to prevent evaporation. The plates were fixed in a shaker
at 250 rpm at 37°C for 24 h before cell-density measurements. For
data analysis, the measured ODG00 values were background
corrected.

Production of hollow alginate-poly (L-lysine)-
alginate microcapsules

Alginate-poly (L-lysine)-alginate (APA) microcapsules containing
bacterial cells were fabricated by a soft lithography technique (Duffy
et al, 1998). The photoresist master mold was fabricated by spin-
coating two layers of SU8 3035 (MicroChem, 1,000 rpm for 30 s) onto
a silicon wafer, which was then pre-baked for 60 min at 95°C, and UV
cross-linked with pre-designed photomask (AutoCAD). The UV
exposed wafer was post-baked for 20 min at 95°C, developed with SU8
developer, and finally hard-baked for 2 h at 180°C. We then fabricated
the PDMS template by pouring mixed PDMS solution (Dow Corning
SYLGARD® 184, 10:1 as monomer: curing agent) onto the master
mold, degassing under vacuum, and baking at 80°C for 30 min.

Before the fabrication of swarmbot capsules, optical density
(OD600) of overnight culture was adjusted to 0.5 and diluted 1,000-
fold into 1% alginate solution. The microcapsules were then fabri-
cated following the layer-by-layer technique (De Koker et al, 2011;
Delcea et al, 2011). The PDMS template was degassed in vacuum
for 15 min and immersed in 1% alginate mixture containing dif-
ferent engineered bacteria. First, to polymerize alginate mixture in
the wells, the PDMS template was transferred to a solution of
500 mM CaCl, (50 mM for bacteria with QS-BlaM circuit due to
their higher susceptibility to Ca*" from our experimental observa-
tion) with 150 mM NaCl for 15 min. The polymerized alginate
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microparticles were detached from the template with ultrasonic
treatment for 1 min and coated with 0.05% poly (L-lysine) (PLL)
solution on a tabletop shaker at 120 rpm for 10 min. To reduce
reactivity of the positively charged PLL layer, another layer of
0.05% alginate solution was coated over the microparticles at
120 rpm for another 10 min. The cores of the microparticles were
liquefied by chelating the Ca** with a 100 mM sodium citrate solu-
tion at 120 rpm for 20 min. The microcapsules were washed twice
between each coating with 0.85% NaCl to remove residual poly-
mers. Each cylindrical microcapsule is ~250 pm in diameter,
~125 pm in height, and ~15 pm in shell thickness (Appendix Fig
S4). Immediately after encapsulation, the swarmbot capsules were
divided into two groups. One group was stored at 4°C (swarmbots
with low initial densities) while the other group was pre-grown at
37°C for about 8 h for BlaM and QS-CAT and 10 h for QS-BlaM
(swarmbots with high initial densities). The reason why we cultured
longer time for bacteria with QS-BlaM was they grew slower than
those with the other two circuits. This pre-growth stage allows the
cells inside the swarmbots of the second group to reach a high
density, which was estimated by the population size under micro-
scopy. Unless otherwise noted, we use the swarmbot capsules from
the second group for experiments with microfluidic device.

Fabrication of microfluidic devices

We used a similar soft lithography technique to fabricate the
microfluidic device. Three layers of SU3035 were spun onto a silicon
wafer to fabricate the mold. The height of the SU8 mold for
microfluidic device was ~450 um. We then fabricated the PDMS
microfluidic device containing the designed structure from the sili-
con mold and drilled holes for input and output flow with biopsy
punches (World Precision Instruments Inc.). The PDMS device was
bonded to a cover slip by using plasma treatment.

The main structure of the microfluidic device consists of input
reservoir (diameter = 2 mm), main channel (width = 500 pm,
length = 5 mm), culturing chamber (diameter = 1 mm), trapping
channel (width = 50 um, length =1 mm), and output reservoir
(diameter = 0.75 mm). The height of PDMS slab is about 4 mm;
thus, the total volume of microfluidic device (V,,) is calculated as
about 20 pl. The swarmbots are captured in the culturing chamber
since the dimension of microcapsules is larger than the trapping
channel, which prevents them from flowing out of the microfluidic
device.

Culturing and monitoring of microbial swarmbots in
microfluidic devices

Before loading swarmbot microcapsules into the culturing chamber,
the microfluidic device was vacuumed for 15 min. After loading into
culturing chamber, the swarmbot capsule was washed with 100 pl of
M9 supplemented with different concentrations of antibiotics. Unless
indicated otherwise, a programmable syringe pump (Harvard Appa-
ratus, Pump 11 Elite) was used to control the flow pattern of either
static or pulsing condition. For periodic pulsing, the flow of perfu-
sion was set as 4 pl/min for 5 min and then delayed 25 min before
the next pulse. Given a reactor volume of ~20 pl for the microfluidic
device, the effective dilution rate (D) is thus ~2/h. This dilution rate
is greater than the growth rate of MG1655 cells (< 1/h under our
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experimental conditions), which would cause washout of the culture
in a typical reactor even in the absence of an antibiotic. However,
washout did not occur in our experiment, likely for two reasons.
First, the swarmbot serves a reservoir that contributes to replenish
the culture in the chamber. Second, the geometry of the microfluidic
device, as well as the tendency of cells to stick to the PDMS surface,
might have reduced the impact of flow (Appendix Fig S12).

The microfluidic device was installed in the microscopy hood
and cultured at 37°C. An inverted fluorescence microscope (Leica
DMI6000) was used to monitor the dynamics of population growth
both inside and outside the swarmbots. Fluorescence intensity of
swarmbots was analyzed using ImageJ. For swarmbots with BlaM
circuit, the flow-out medium from pulsing conditions was collected
in 10-ml culturing tubes that were installed in the same microscopy
hood. After 16 h of experiment, cell density in the tubes was
examined by measuring OD600 to confirm the performance of
safeguard control (Appendix Fig S8).

Full model for the BlaM circuit

BlaM model in liquid culture

In addition to the simplified density model described in Fig 1, we
developed a more detailed model to describe the BlaM circuit
dynamics. We first consider the circuit dynamics in a single
compartment, where the cell density corresponds to engineered
bacteria growing in the liquid culture. The model comprises a set of
algebraic equations and ordinary differential equations that describe
the temporal dynamics of four components: cell density (N), nutri-
ent concentration (S), carbenicillin concentration (A), and B-lacta-
mase concentration (B).

Hmaxs N
G= 1—— 1.1
K;+S < Nm) (1.1)
L :dAmax{L( ¢ > - ( Go >,0} (1.2)
Klysis +A Hmax Hmax
dN
— =GN - LN 1.3
a (1.3)
s _ —aGN + kLN (1.4)
dt
dA VUmaxBA
oA 1.5
At~ Kamp+ A (1.5)
— = —dgB + kplaLN 1.6
i BB + kpla (1.6)

where umay is the maximum growth rate, K is the half-maximal
constant for cell growth, N, is the carrying capacity, d, is the killing
rate constant by antibiotics, Kiyss is the half-maximal constant for
lysis, o is the rate constant of nutrient consumption, k, is the rate
constant of nutrient release upon lysis, v,,.x is rate constant of antibi-
otic degradation by BlaM, K,py is the half-maximal constant for
enzyme reaction, dg is the rate of intrinsic BlaM degradation, and
kp1a is the rate constant of BlaM synthesis and release.

We assume that the growth rate of cells, G, is limited by S,
following the Monod kinetics, and the carrying capacity (Ng),
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following the logistic equation. We assume that the lysis rate (L)
depends on A, following the Michaelis—-Menten kinetics, and G. The
dependence on G is based on the observation that the killing rate by
B-lactams increases with bacterial growth rate (Tuomanen et al,
1986). However, we made a further assumption that lysis only
occurs when cells grow sufficiently fast.

Non-dimensionalization of the full BlaM model leads to the
following equations:

§=1 (-0 2.1)
Z:max{oliagfgo,o} (2.2)
i—?:gn—ylln (2.3)
%: —7,8n + Py n (2.4)
%: _ltfa (2.5)
D= b+ pain 2.6)

The definitions of the dimensionless variables, their physical
interpretations, and their base values are listed in Appendix Table S1.

Two-compartment model

To describe microbial swarmbot dynamics in the microfluidic
device, we expand the full BlaM model into a two-compartment
model (Fig 3A). One compartment corresponds to the swarmbot,
the other the culturing chamber. Without loss of generality, we
consider a single swarmbot capsule in the chamber.

In each compartment, the system dynamics are described by
essentially the same set of ODEs comprising the full BlaM model.
In addition, we introduce transport terms to account for diffusion
of molecules and escape of cells across the shell of swarmbot
capsule. We further introduce an input function D(r) to account
for dilution and replenishment of each component for the puls-
ing-flow growth condition. D(t) is set to 0 for the static growth
condition.

The two-compartment model consists of following equations:

Inside the microbial swarmbot (index = 1)

— S1 _

81 = 1 Is (1 nl) (31)
a;

L = — 80,0 3.2
1 mﬁX{ol +a1gl 80 } (3.2)
dn
d—;:glnl = nihn + fa(na — ) (3.3)
dSl
i &1 + iyl + fs(s2 — s1) (3.4)
dal _ b1a1
E = 1 Ta + fa(az U.]) (35)
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db
T; = =301 + Poyiimy + fu (b2 — br) (3.6)

In the chamber (index = 2)

S2
g271+52 (l—nz) (41)
a

L= — 80,0 4.2

2 max{ 1+a282 80, } (4.2)

dn 1

d_rz =&y — y1hny + an_R(nl —ny) —D(t)n, (4.3)
dSZ 1
—= = —7:8M + fiylbna + fo—— (51— 52) + D(t)ls — D(t)s;  (4.4)
dr Vg

daz o bzaz 1

a 1ta + favR(al —a,) + D(1)la — D(v)a, (4.5)

db 1

=2 = by + Byyilanty + fy— (by — by) — D(1)b, (4.6)

dr VR

Here, I, and I, indicate concentrations of nutrient and carbeni-
cillin in the fresh medium. Furthermore, we assume that the
transport rate of each component (cells or molecules) is propor-
tional to the concentration gradient between the two compart-
ments. f,, fp fs and f, indicate transport rate constant of the
corresponding variables. The volume ratio, Vg is defined as V,/
V;. The transport rate constant of each component is chosen
depending on the size of each component. For instance, the size
of a cell is about 3 orders of magnitude larger than the other
components.

Expanded View for this article is available online.
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